Abstract: A one-day workshop discussed the properties of shocks in star-forming regions. It also reviewed other physical processes in star-forming molecular gas, and the progress in numerical modelling of such physics. Discussion concentrated on the complexity which instabilities in the gas flow bring to the analysis of shocks. The consensus was that progress will be made as the spatial/spectral resolution of shock measurements improves, and as numerical modelling of the nonlinear growth of instabilities becomes possible, potentially leading to statistical models of shock dynamics.
Introduction
As it is for all who live in a shielded environment, the prevalent state of star-forming clouds is one of being frequently shocked.
Although we know t h a t such molecular clouds are shocked, there is little certainty about how the shocks dissipate their energy. A workshop under the auspices of the University of Sydney's Research Centre for Theoretical Astrophysics, designed to air some of these uncertainties, was held on 1996 February 27 in the School of Physics, and involved 25 participants from Sydney, Canberra and Melbourne.
T h e fundamental problem that stimulated this activity is the following. A young star experiences a phase of violent outflowing wind before it arrives at the main sequence. There is much debate over the cause of this process, but it is important because it clears the placental material from the star's vicinity, and because it may be one of the principal sources of the kinetic energy t h a t provides support in starforming clouds against rapid gravitational collapse. The wind imparts its momentum to the cloud medium by means of a strong shock. The resulting energised and magnetised cloud can support itself against gravity. T h e debate is over the physics of the shock.
Standard hydrodynamic (zero magnetic field) shocks are well understood, and have a simple structure.
T h e sudden increase of temperature in the virtually instantaneous shock transition (or front) is caused by the collisional randomisation of bulk motion relative t o the front. T h e shock-heated gas then cools at a rate and by processes determined by the constitution of the local interstellar medium. If the gas behind the front is dense enough to create equipartition of energy between all degrees of freedom, then the line emission can be precisely and simply predicted. Conversely, from the measured line intensities, all the major properties of such a shock can be determined. In an area as full of uncertainty as astronomy, such determinism seems a heady goal.
Talks by Michael Burton (UNSW) and Peter Brand (University of Edinburgh, on leave) outlined the search for this Holy Grail. A review of some of the relevant observations may be found in Burton (1993) , and of the theory in Draine & McKee (1993) .
Burton described the evolution of ideas and observations by giving the history of the Orion outflow, discovered by Gautier et al. (1976) . In the following two years the region was mapped and theoretical models of hydrodynamic shocks were produced by several authors. These models demonstrate t h a t the major constituent, and the one used to measure these shocks, molecular hydrogen, would be completely dissociated and therefore invisible if the shock were faster than 2 3 k m s _ 1 .
However measurements of linewidth (up to 140 km s~l across the base of line profiles of H2) cannot be produced in shocks so limited. In fact, they cannot be produced in plane J shocks at all. This problem, and others such as the abundance of very hot carbon monoxide, led to the rapid adoption of an ingenious new shock physics put forward by Draine (1980) .
In this new type of magnetically-moderated shock (C shock), the transition occurs not through the self-collision of the neutral gas, but by the more gentle process of drag by friction between streaming ions (one in say 10 6 particles being ionised) and the neutral component. T h e ions plus the magnetic field make a magnetohydrodynamic fluid through which a pressure wave driven from downstream moves at less t h a n the local ionic Alfven velocity. This streaming accelerates and heats the neutral fluid until it-in the correct conditions-achieves the final velocity of the ions in the flow. Thus the gas has been compressed by a pressure wave without the necessity for a hydrodynamic (or J) shock. Models of such shocks were applied by several groups to the Orion data, with apparent success. The velocity problem may not have entirely vanished but was certainly ameliorated by the fact that C shocks could travel at up to 40-50 km s -1 without destroying H2.
Then (Brand et al. 1988 ) H2 measurements of a much greater range of lines showed major deviations from the C shock models, and instead appeared to be perfectly fitted by a particularly naive J shock model. Of the possibilities, velocity information ruled out plane J shocks and line intensity information ruled out plane C shocks.
Brand described how the application of bow shock models eased the situation. It is still the case that at least for the brightest part of the Orion outflow no J shock, bow or plane, will do. Indeed, it wasn't until the standard value for magnetic fields in the interstellar medium was departed from that a C shock bow structure was found that would simultaneously describe the line intensities and velocity profiles (Smith et al. 1990) .
Even this explanation is conditional. In the first instance, the entire bow-shock has to contribute to the profile to provide the range of properties required. This sets an upper limit on the size scale of the shock structure of the order of 10 16 cm. At the same time, the magnetic field has to be very large (up to 50 milligauss in 10 6 c m -3 gas), and the shape of the bow structure, which is imposed on the model, has a significant effect on the result.
All of the above may be satisfactory. An apparently straightforward way to test this is to examine other shock flows where the wide molecular profiles are observed, but where the geometry is simple.
The leading shock in the Herbig-Haro object HH 7 in NCG1333 appears to satisfy these criteria. The new generation of long-slit IR spectrographs, such as CGS4 on the UK Infrared Telescope, then have the capacity to 'dissect' the bow shock structure, and enable comparisons between parts of the source and the corresponding parts of models previously only used in toto. The results of Fernandes & Brand (1995) , however, turn out to be complicated by the discovery that fluorescence in HH 7 is a significant contributor to the H2 emission.
The latest data presented were from the 'bullets' (Allen & Burton 1993) in the Orion OMC1 outflow. These shock structures are tipped with regions of strong iron emission, the velocity profiles of which are accurately replicable by bow shock models. The molecular hydrogen 'wakes' have been recently measured by Tedds et al. (1994) . Although the signal-to-noise ratio and source confusion (there are at least 50 such objects in the outflow) limit the conclusions, these wakes are spatially well-resolved, and should in time provide rigorous tests of the current models.
One of the concerns in such tests is the observed irregularity on small scales (small compared with the characteristic structure of the flow). The next reviewer spoke very directly to this issue. Mark Wardle (RCfTA) reviewed the theoretical situation. He described the structure of J shocks (including magnetic fields, but without slip between ions and neutrals), and demonstrated how ambipolar diffusion (i.e. ion-neutral slip) led to the weakening of the hydrodynamic jump until a C shock was created, pointing out that for typical parameters the drag zone could be 10 16 -10 17 cm across.
There were, therefore, a fixed set of possibilities for molecular emission. In the case of J shocks, slow (<25 k m s -1 ) shocks could radiate a significant fraction of their energy away, while fast J shocks might radiate far downstream as the dissociated molecular hydrogen began to reform. Fast J shocks with magnetic fields in which ambipolar diffusion was not negligible would have a magnetic precursor, like the start of a C shock, which might excite molecular radiation (although there were difficulties in reconciling this with the observations). Finally, C shocks were capable of being strong molecular emitters.
Wardle then discussed the stability of such flows, particularly the eponymous instability caused by lateral migration of ions accelerated into wrinkles in the magnetic field perpendicular to the flow. Since this instability has a growth time comparable with the time in which particles flow through the structure, the instability may dominate the shape and emission properties of the flow. Only a global analysis can address this issue. Wardle referred to current work by Stone on the numerical modelling of this type of flow. Stone's models show the strong nonlinear growth of the instability, with the effects propagating many structure lengths downstream. It is clear that this instability is of critical importance in the analysis of emission, and of structure, in C shocks.
In addition, Wardle also rattled the foundations of J shock theory, by showing the instability inherent in the magnetic precursor to a weak J shock. Work is continuing on this issue. What is clear is that instability cannot be disregarded in interpretation.
Sue Byleveld (RCfTA) and Helen Pongracic (DSTO Melbourne) described the current position in the numerical computation of magnetised flows. Byleveld outlined the history of the subject, from the work of Mestel (1956) on star formation in shock-confined gas slabs, to the current work where P. W. J. L. Brand such a physical situation is still the subject of investigation. She also showed that the important role of computational hydrodynamics was to perform numerical experiments where the parameters could be controlled, and in which the physics is highly nonlinear. This essential step in understanding the gas-dynamical cosmos cannot be accomplished in any other way. The current code used by Byleveld and Pongracic, ideally suited to such problems, is smoothed particle hydrodynamics, with tree code gravity and including magnetohydrodynamic equations.
Helen Pongracic continued the story by reviewing current and future applications of this type of code: C shocks, cloud-cloud collisions, cloud-shock interactions and bow shock models.
She emphasised that the driving motivation was a theory of star formation, in which many gas-dynamic processes had yet to be investigated. Amongst these were the trigger mechanisms (shock compression, magnetic field decay, thermal instabilities and tidal stresses).
Examples of progress were the computations of cloud-cloud collisions in which gravitational collapse in the compressed layer followed various means (fragmentation, lumpy accretion, bar mode instability, spiral modes) to produce single, binary and multiple 'stars'.
Michael Dopita (MSSSO) scaled up the context for shocks from the sub-parsec to the super-kiloparsec, placing them in the inflow and outflow of active galactic nuclei. Dopita (diverting only briefly to dismantle the standard fairy tale connecting CO intensity to H2 column density) demonstrated that in many cases the ionised gas emission seen from active galaxies of various types-but particularly Seyfert lis, ultraluminous IR galaxies, and the gigahertz peaked sources investigated by himself and Bicknell-could be straightforwardly explained as the emission from the shocked gas plus that from an ionised precursor, allowing properly for the magnetic support in the cooling zone. The images he showed of expanding bipolar outbursts mimic many of the attributes of flows generated by individual stars.
Ray Norris (ATNF) came as the Apostle of Methanol. Having described the disappointing careers of OH and H2O masers, he set out to describe the huge impact of methanol masers, their surprising advent (very bright, but not discovered until 1987), and pervasiveness (more common than the OH and H2O masers).
They occur in any star-forming region, and also in regions not so classified. The ability, using interferometers such as the Australia Telescope, to map their structure revealed the astonishing fact that they occur in linear groups in position-velocity diagrams.
The only plausible explanation of this phenomenon seems to be that these masers lie in disks. This very exciting result means that these bright masers are a good search tool for protostellar and evolved star disks, and when studied in sufficient detail in favourable cases, they can be used to elicit the kinematics of the disk.
John Storey (UNSW) took a millimetric stance to view the shock phenomenon. How, he asked, do we recognise molecular shocks at mm wavelengths? First of all he demonstrated that there was a plethora of interesting diagnostic lines in the 0 • 1-3 • 5 mm wavelength range. Then he laid out his snares: does it look, does it feel, is it warm, does it smell like a shock? If so, then we've caught a shock.
The look is of supersonic bipolarity in the positionvelocity diagram, like the original measurements of NGC 2071 by Snell in 1983. The feel is the shape of the velocity profile on-source, for example the broad HCN profiles along the Orion molecular ridge. The warmth is the evidence from level populations of gas at a temperature of more than 1000 K (taking care to discriminate against the occasional case of radiatively heated gas). The smell is the chemistry! Although not completely confirmed, enhancements of compounds requiring shock heating to overcome an activation barrier have been observed.
With the great advantage of low dust optical depths at these wavelengths, and this clearly laid out capture scheme, it is plain that millimetre shock astrophysics is a potent tool. The possibility of doing this type of science with interferometers in the southern sky is very appealing! Following these contributions, an extended discussion eventually focused on the current hard problem: in molecular shocks, the observational tools are approaching the state where measurements of steady shocks will be sufficient to determine the physics completely. On the other hand, theorists are investigating instabilities which threaten to make such analysis impossible. Is this a lost cause, or could statistical methods (turbulence, etc.) come to our aid? For the observers, dissection-the breaking of shock flows into sub-components-is still the way to go. For the theorists, nonlinear modelling will reveal either the end of this conjunction of theory and observation, or a greater simplicity against which the observations can be laid to measure the state and fate of gas being shocked in star-forming regions.
